Abstract On the passive margin of the Nile deep-sea fan, the active Cheops mud volcano (MV; ca. 1,500 m diameter,~20-30 m above seafloor, 3,010-3,020 m water depth) comprises a crater lake with hot (up to ca. 42°C) methane-rich muddy brines in places overflowing down the MV flanks. During the Medeco2 cruise in fall 2007, ROV dives enabled detailed sampling of the brine fluid, bottom lake sediments at ca. 450 m lake depth, sub-surface sediments from the MV flanks, and carbonate crusts at the MV foot. Based on mineralogical, elemental and stable isotope analyses, this study aims at exploring the origin of the brine fluid and the key biogeochemical processes controlling the formation of these deepsea authigenic carbonates. In addition to their patchy occurrence in crusts outcropping at the seafloor, authigenic carbonates occur as small concretions disseminated within subseafloor sediments, as well as in the bottom sediments and muddy brine of the crater lake. Aragonite and Mg-calcite dominate in the carbonate crusts and in sub-seafloor concretions at the MV foot, whereas Mg-calcite, dolomite and ankerite dominate in the muddy brine lake and in subseafloor concretions near the crater rim. The carbonate crusts and sub-seafloor concretions at the MV foot precipitated in isotopic equilibrium with bottom seawater temperature; their low δ
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C values (-42.6 to -24.5‰) indicate that anaerobic oxidation of methane was the main driver of carbonate precipitation. By contrast, carbonates from the muddy lake brine, bottom lake concretions and crater rim concretions display much higher δ 13 C (up to -5.2‰) and low δ
18
O values (down to -2.8‰); this is consistent with their formation in warm fluids of deep origin characterized by 13 C-rich CO 2 and, as confirmed by independent evidence, slightly higher heavy rare earth element signatures, the main driver of carbonate precipitation being methanogenesis. Moreover, the benthic activity within the seafloor sediment enhances aerobic oxidation of methane and of sulphide that promotes carbonate dissolution and gypsum precipitation. These findings imply that the coupling of carbon and sulphur microbial reactions represents the major link for the transfer of elements and for carbon isotope fractionation between fluids and authigenic minerals. A new challenge awaiting future studies in cold seep environments is to expand this work to oxidized and reduced sulphur authigenic minerals.
Introduction
In the eastern Mediterranean Sea, active methane seeps associated with mud volcanoes and pockmarks are widely distributed both on the active margin of the Mediterranean Ridge and on the passive margin of the Nile deep-sea fan Huguen et al. 2005; Dupré et al. 2007 Dupré et al. , 2010 Mascle and Mascle 2012; Mascle et al. 2014) . Previous findings from the Medinaut, Nautinil and Bionil expeditions have shown that authigenic carbonate formations are closely associated Responsible guest editor: P. Imbert
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with these seepage structures (Aloisi et al. 2000; Huguen et al. 2005 Huguen et al. , 2009 Gontharet et al. 2007; Bayon et al. 2009 Bayon et al. , 2013 . Subsurface geophysical exploration has demonstrated that deep-seated fractures act as natural conduits for overpressured fluids expelled to the seafloor (Huguen et al. 2004 (Huguen et al. , 2009 Dupré et al., this volume) . Moreover, the presence of thick Messinian evaporites (1 to 2 km subbottom depth) in the deep parts of the Mediterranean basins impacts directly on fluid chemistry, generating warm hydrocarbon-rich (i.e. mostly CH 4 associated to heavier hydrocarbon gases, Mastalerz et al. 2009 ) brines that migrate through the sediments and reach the seafloor where they accumulate in morphological depressions to form deep-sea "brine lakes" (Loncke and Mascle 2004; Huguen et al. 2009 ).
Whereas methane seepage and associated seep-related structures (e.g. pockmarks and mud volcanoes) have been the subject of numerous studies worldwide (see Judd and Hovland 2007) , brine-related seepage has been poorly investigated on continental margins. Some well-known brine sites include those of the Gulf of Mexico (Joye et al. 2009 ) and the eastern Mediterranean Sea. The latter exhibits active brine mud volcanoes along the Mediterranean Ridge (Woodside and Volgin 1996; Huguen et al. 2005) , and also in the western Nile province of the Nile deep-sea fan-the Menes mud volcano caldera complex Huguen et al. 2009 ).
The present study aims to characterize the geochemistry (mineralogy, major and trace elements, oxygen and carbon isotopes) of authigenic carbonates from the muddy brine, concretions and crusts of the Cheops mud volcano (MV) collected during the Medeco2 cruise of fall 2007. These new results complement previous data obtained on two carbonate crusts from this mud volcano (Gontharet et al. 2007 ) and provide more detailed information on fluid-mineral interactions controlled by key biogeochemical processes at the seafloor and within the brine lake. This specific case of active seepage of hot muddy methane-rich brine is then integrated within the general context of eastern Mediterranean Sea socalled cold seeps.
Geological setting
The Nile deep-sea fan (NDSF) represents a vast area (~100,000 km 2 ) on the Egyptian passive continental margin resulting from the accumulation of a 1-2 km thick pile of terrigenous sediments deposited by the river Nile during the Plio-Pleistocene (Loncke et al. 2006) . Numerous seafloor structures (gas chimneys, mud volcanoes, mud pies, pockmarks) related to fluid venting have been identified on the upper slope down to the abyssal plain, based on swath bathymetry and other geophysical investigations . The Menes caldera in the western province of the NDSF (Fig. 1a) is a circular depression up to 8 km in diameter and 100 m deep at~3,000 m water depth (Fig. 1b) . It comprises several active and non-active mud volcanoes, as observed on backscatter imagery Huguen et al. 2009 ).
The Cheops MV has a diameter of about 1,500 m and rises 20-30 m above the seafloor at about 3,010-3,020 m water depth. Its otherwise rather flat summit is characterized by a large muddy brine lake with an average diameter of~250 m (Figs. 2 and 3 ) and at least 449 m deep in places (Dupré et al., this volume) , surrounded by a sub-circular depression filled with relatively clear brine. According to high-resolution backscatter data, the muddy brines are today overflowing down the northern flank of the mud volcano; older brine flows have spilled down the north and east flanks ( Fig. 2 ; Dupré et al. 2008) . The surface of muddy brines in the lake is partly covered by whitish filaments (Fig. 3a) of sulphur-oxidizing bacteria identified as Candidatus Arcobacter sulfidicus (determination by L. Toffin in Pierre et al. 2008) ; these bacteria produce elemental S filaments, and have also been observed in a white mat covering the brine lake of the neighbouring Chephren MV (Omoregie et al. 2008) . The crater lake surface shows a patchwork of circular pools from a few decimetres up to a few meters in diameter ( Fig. 3b and c) . Spiral streamlines underlined by white microbial mats originate from the inner parts of the pools where the muddy brine is being expelled (Fig. 3c ), attesting to ongoing seepage.
The rim of the Cheops MV is characterized by very fluid, gassy grey mud breccia populated by crabs. Fresh mudflows have a cm-thick cover of black reduced sediment over light grey stiff hemipelagic sediment, colonized by small polychaetes (Fig. 3d) . Authigenic carbonate crusts are abundant at the foot of the north-eastern and western flanks of the mud volcano, where they outcrop as a patchy pavement a few cm thick and interspersed with reduced black sediment commonly covered with white microbial mats (Fig. 4a, b) . The carbonate crusts have a porous structure with mm-size subcircular cavities (Fig. 4c, d ).
Materials and methods
In the late fall (2-30 November) of 2007, the Medeco2 cruise onboard the R/V Pourquoi pas? investigated various deep eastern Mediterranean cold seep ecosystems, including the Menes caldera. The active Cheops MV was explored during four dives of the Victor 6000 ROV (remotely operated vehicle), two (nos. 340 and 344) dedicated to high-resolution bathymetric, backscatter and photographic exploration of the seafloor, and two others (nos. 342 and 343) to in situ multidisciplinary sampling and measurements (for overview, see Pierre et al. 2008) . Samples for mineralogical and geochemical analyses were collected from the muddy brine, from bottom sediments of the crater lake and sub-seafloor sediments of the NE and SE flanks of the mud volcano, and from carbonate crusts outcropping at the foot of the NE flank (for sample locations, water depths, etc., see Fig. 2 and Table 1 ).
In the crater lake, muddy brine was sampled using Niskin bottles deployed by the ROV arm. Measurements of salinity and methane concentration were conducted onboard immediately upon recovery of the bulk samples. Salinity varied in the range 210-244 g L -1 and methane concentrations were very high at 2.44-3.74 mmol L -1 (data from V. Mastalerz in Pierre et al 2008) . The temperature of the brine measured during sediment coring within the crater lake (also see below) displayed a marked increase from 14°C at the lake surface (cf. local Mediterranean bottom water temperature) to about 42.1±1.1°C as of 18 m lake depth down to the deepest point of measurement at 449 m (cf. Dupré et al., this volume) . The brine samples were stored in the ship's cool room (ca. 4°C) until back ashore. In the laboratory, these were filtered through a nylon membrane filter (0.8 μm), and the filtered material then rinsed with distilled water and oven dried at 60°C. A gravity corer equipped with thermal probes was deployed in the south-western sector of the brine lake (MD2-GCT6, Fig. 2 ). Only the core catcher recovered sediments. At this site, the brine-bottom sediment interface was reached at 449 m below the surface of the lake, when it was decided to stop the corer for safety reasons (see Dupré et al., this volume) .
Moreover, one push-core (MD2-343-PC9) and one bladecore (MD2-342-BC5) were collected by the Victor ROV, the former in a patch of reduced sediment with polychaetes at the foot of the northeast flank of the mud volcano. The latter was taken in mud breccia at the top of the southeast flank near the crater rim. Core sections were cut onboard ship and stored at 4°C until processed in the laboratory when back ashore. Sediment core subsamples were washed with distilled water, sieved at 150 μm, and the coarse (>150 μm) and fine fractions (<150 μm) oven dried at 60°C. The coarse fractions were then examined under the binocular microscope, revealing evidence of, amongst others, authigenic carbonate concretions. These were selectively handpicked and processed further for mineralogical and stable isotope analyses.
Carbonate crusts were sampled using the ROV at four locations near a smaller MV at the foot of the northeast flank of the Cheops MV (Fig. 2 , Table 1 ). The samples were washed with distilled water and oven dried at 60°C prior to further analyses (cf. below). Mineralogy X-ray diffraction (XRD) analyses of carbonate crusts served to identify carbonate mineral composition (for raw data, see ESM Table 1 in the electronic supplementary material available online for this article). XRD analyses were made on randomly oriented powders using a Siemens D500 instrument (Cu Kα Ni filtered radiation, 40 kV accelerating voltage, 30 mA current). The d 104 values of calcite were used to estimate the relative mole% MgCO 3 in the crystal lattice (Goldsmith et al. 1961) .
Scanning electron microscope (SEM) observations and elemental analyses of selected minerals with an energy dispersive X-ray spectrometer were performed on small fragments of carbonate crusts, various mm-size concretions handpicked from sediments, and material filtered from the muddy brine.
Major and trace elements
The bulk major element compositions of carbonate crusts (MD2-342-CC1, MD2-343-CC1 and MD2-343-CC2) were determined by wavelength-dispersive X-ray fluorescence (WD-XRF, Brüker S8 Tiger). Trace element abundances in these samples and in two additional mm-size whitish concretions from core MD2-GCT6 sediment were determined by ICP-SFMS at the Pôle Spectrométrie Océan (Brest). Prior to ICP-MS measurements, about 5 mg of bulk carbonate powder were digested in 5% (v/v) acetic acid (cf. Rongemaille et al. 2011) . Rare earth elements were corrected for interferences, and concentrations of all trace elements were calculated using the Tm addition method (Barrat et al. 1996) . These results are presented in Table 2 . C is the V-PDB (Craig 1957) .
The oxygen and carbon isotopic compositions of carbonate were measured in the bulk carbonate fractions of carbonate crusts, bulk sediments filtered from the muddy brine, and individual concretions isolated from sediments (ESM Table 1 in the electronic supplementary material). The CO 2 gas was extracted online from~100 to 200 μg of powdered sample treated with 100% phosphoric acid at 90°C, and analyzed with a dual-inlet isotopic ratio mass spectrometer (VG-Isoprime, Isoprime, Cheadle, UK) at LOCEAN, Paris. The analytical precision 2σ is 0.01‰, and the reproducibility ±0.05‰ for both δ 18 O and δ 13 C.
Results

Sediments and mineralogy
The muddy brine from the Cheops crater lake is characterized by clay-size particles and detrital silicates associated with well-preserved coccoliths; authigenic minerals are represented by euhedral crystals of dolomite, ankerite, pyrite and barite ( Fig. 5a-d) .
Sediments recovered at the bottom of the crater lake (MD2-GCT6) consist of dark grey silty clay strongly impregnated with oily hydrocarbons. The coarse fraction includes wellpreserved foraminifer tests, transparent and polished quartz grains, and mm-size rounded clasts of rock fragments.
Authigenic minerals are present as aggregates of pyrite crystals, either isolated or included within carbonate concretions (Fig. 6a) . In the carbonate concretions (Fig. 6b) , Mg-calcite appears as oblong crystals with abundant dissolution cavities (Fig. 6c) , associated with isolated or clustered μm-size rhombs of ankerite (Fig. 6d) .
Sediments from the push core (MD2-343-PC9) and the blade core (MD2-342-BC5) were gas saturated with a strong hydrogen sulphide smell upon opening; they comprised a b c d homogenous fine-grained mud breccia that were dark grey in the upper 5 cm, corresponding to recent mudflows, grading to medium grey downwards in older mudflow deposits. The coarse fractions of all sediment samples are characterized by quartz grains, foraminifer tests, small (mm-size) clasts of rock fragments, and carbonate and pyrite concretions representing the authigenic components. The push core sediments also contained numerous transparent prismatic crystals of gypsum in the upper 4 cm, and abundant carbonate-cemented mm-size tubeworms from 4 to 16 cm core depth. The carbonate concretions comprised Mg-calcite represented by μm-size rounded rhombs (Fig. 7a) and larger (~5 μm) platy lensoid crystals (Fig. 7b) ; euhedral rhombs (~5 μm) of ankerite are generally concentrated in veins between detrital grains (Fig. 7c) ; a few ankerite rhombs have a porous core made up of small Mgcalcite aggregates (Fig. 7d) . Authigenic carbonate crusts occur as light grey, thin and highly porous laminated deposits (Fig. 4a-c ) that may form undulations and small mounds emerging from the seafloor. The crusts are made of mixtures of aragonite and Mg-calcite (16-20% MgCO 3 ), aragonite being dominant (71-89% of carbonate mixture); these cement the mud breccia and pelagic sediment components (Fig. 7d) . Coccoliths are often recrystallized but nevertheless recognizable. Aragonite acicular crystals (Fig. 8a ) may include particles from the sedimentary matrix (such as coccoliths); they commonly display numerous dissolution cavities (Fig. 8b) and are cemented or replaced by Mg-calcite (Fig. 8c) . Pyrite is always present as framboids grouped within cavities (foraminifer chambers), isolated octahedrons or cubic crystals (Fig. 8a) . Locally, colonies of bacterial cells and aggregates of small (<1 μm) rounded rhombs of ankerite may coat the aragonite needles (Fig. 8d ).
Major and trace elements
The carbonate crusts are characterized by high amounts of detrital elements with, for example, SiO 2 contents varying from~18 to 28 wt% (Fig. 9, Table 2 ). The crusts have high Sr (>6,500 ppm) and low Mg contents (MgO~1.10 wt%); by comparison, the 5% acetic acid leachates of mm-size carbonate concretions from core MD2-GCT6 exhibit similarly high Mg contents (~7,000 ppm) but much lower Sr contents (<750 ppm). Interestingly, the trace element composition of the carbonate crusts differs strongly from that of these small concretions: several trace elements (e.g. Ba, Mo, U) display concentrations about one order of magnitude higher in authigenic crusts than in the MD2-GCT6 concretions (Table 2) . By contrast, Mn contents in the crusts (<200 ppm) are much lower than in the 5% acetic acid leachates (>3,000 ppm) of the concretions. Both the carbonate crusts and concretions display pronounced mid-REE enrichments; compared to the crusts, the concretions are slightly more enriched in heavy REEs.
Oxygen and carbon isotopes
Three groups of diagenetic carbonates (including data from Gontharet et al. 2007 on two carbonate crusts sampled during the Nautinil cruise along the western edge of the Cheops MV) can be differentiated by their oxygen and carbon isotopic 
Discussion
Carbonate diagenesis in methane seep environments on active and passive continental margins is driven by microbial Oxygen and carbon isotopic compositions of authigenic carbonates from the muddy brine lake (n = 10) and the flanks (n = 13) of the Cheops MV. The latter dataset comprises two data points extracted from Gontharet et al. (2007) . For raw data, see ESM Table 1 in the electronic  supplementary material coupling of carbon and sulphur cycles. The main process usually is the anaerobic oxidation of methane (AOM), during which a consortium of anaerobic methanotrophic (ANME) archaea and sulphate-reducing bacteria (SRB) oxidizes methane to produce bicarbonate, and reduces sulphate to hydrogen sulphide (Boetius et al. 2000; Hinrichs et al. 2000; Orphan et al. 2001 ). Due to the high levels of alkalinity produced during AOM and released into solution, methane-derived authigenic carbonate (MDAC) precipitates in anoxic sediments (e.g. Claypool and Threlkeld 1983; Aloisi et al. 2000; Gontharet et al. 2009; Pierre et al. 2012 ) and in anoxic bottom waters (e.g. Peckmann et al. 2001; Bayon et al. 2013) . Because these authigenic carbonates register the geochemical and isotopic compositions and temperature of ambient pore waters during their precipitation, they can be used as tracers of abiotic and biotic (e.g. microbial) diagenetic processes.
Biogeochemical processes
Aragonite and Mg-calcite coexist in the carbonate crusts of the Cheops MV, with a dominance of aragonite over calcite. Various physicochemical factors controlling carbonate mineralogy, such as low sulphate and Mg concentrations in solution, would favour precipitation of calcite over aragonite (Burton and Walter 1987) . Since seawater and brines originating from seawater commonly have high Mg concentrations, the microbial anaerobic processes of organoclastic sulphate reduction and AOM that consume the dissolved sulphate are thought to exert the main control on the aragonite-to-calcite mineralogy of authigenic carbonates (Aloisi et al. 2000; Gontharet et al. 2007 ). SEM observations of the Cheops MV authigenic carbonates revealed that aragonite represents the early carbonate phase to precipitate; Mg-calcite as well as ankerite precipitated during later stages probably when AOM had consumed all the sulphate available in pore solutions. This also explains why, in the muddy brine and in the carbonate concretions from reduced sediments at the lake bottom, aragonite is absent whereas Mg-calcite is associated with dolomite and iron-rich carbonates (mostly ankerite). In iron-rich carbonates, the source of iron incorporated into the crystal lattice of minerals cannot be seawater, which contains only trace amounts of dissolved Fe; rather, the source is the in situ weathering of silicate minerals within anoxic sediments (Wallmann et al. 2008) . The most common process of silicate weathering is hydrolysis, which produces clay minerals and releases cations and alkalinity; in turn, these can be combined to precipitate authigenic carbonates:
The CO 2 may originate from aerobic oxidation of methane (AeOM) at the seafloor where oxygenated bottom water diffuses downwards or is channelled into sub-seafloor sediments by bioturbation. In that case, it is important to note that the release of CO 2 in pore solutions would quickly dissolve solid carbonate; the porous texture and the dissolution cavities in aragonite crystals of carbonate crusts from the Cheops MVare probably related to such dissolution during AeOM. A similar explanation has been proposed for other cold seep authigenic carbonates of the eastern Mediterranean Sea (Himmler et al. 2011 ) and southwest Africa margin . The importance of AeOM at the Cheops MV is confirmed by the very high total oxygen uptake (111-130 mmol m -2 day -1 O 2 ) in reduced sediments colonized by polychaetes, due to microbial consumption of oxygen mostly by methane oxidation (Boetius and Wenzhöfer 2013) . However, methane concentrations of 3.6-9.34 μmol L -1 in bottom waters above these reduced sediments (Ritt et al. 2011) indicate that the efficiency of the microbial benthic filter is only 30% at this location (Boetius and Wenzhöfer 2013) . Sulphide and sulphate authigenic minerals are also present in the Cheops MV sediments in association with carbonates, as classically described for cold seep environments. Pyrite may be considered as a by-product of AOM, taking into account the availability of Fe 2+ in pore solutions (see below). By contrast, authigenic barite is considered to precipitate at the redox front corresponding to the sulphate-methane transition zone, where dissolved barium contained in methane-rich fluids combines with the dissolved sulphate of downwarddiffusing seawater (Dickens 2001; Torres et al. 2003; Aloisi et al. 2004 ). In Fig. 5d , the barite crystal from the muddy brine of the Cheops MV was obviously precipitated in situ, including coccoliths and sediments during its growth probably at the interface between the brine surface and the overlying sulphate-rich seawater.
Another important diagenetic process that may arise in the suboxic zone, especially where benthic organisms are abundant, is sulphide (H 2 S, pyrite) oxidation driven by microbial or inorganic reactions, which produces sulphate ions; these combine with calcium ions that have high concentrations in pore solutions due to previous calcium carbonate dissolution. This promotes the precipitation of authigenic gypsum crystals within sediment, as shown for the methane seeps of the Sea of Marmara and the southwest Africa margin (Crémière et al. 2012; Pierre et al. 2012) . A similar interpretation is proposed to explain the occurrence of hyaline euhedral crystals of authigenic gypsum within sub-seafloor sediments at the foot of the Cheops MV; it can also be inferred that the benthic activity of abundant polychaetes observed at this site may have been responsible for the dynamic cycling of oxygen favouring AeOM at the sediment-bottom water interface.
A few cm deeper in the sediments, where full reducing conditions occur, Mg-calcite and ankerite are associated with pyrite in carbonate concretions; the overgrowth of ankerite on Mg-calcite crystals argue for the earlier precipitation of Mgcalcite that was probably partly dissolved prior to ankerite precipitation, as shown on Fig. 6d . In carbonate concretions from bottom lake sediments, there is also evidence of partial dissolution of Mg-calcite crystals, whereas the associated ankerite is represented by perfect euhedral rhombs. These findings imply that venting fluids at the Cheops MV may contain both CO 2 , which would partly dissolve Mg-calcite, and CH 4 that was oxidized during AOM as bicarbonate further precipitated as ankerite. The biogeochemical process that may explain the co-occurrence of CO 2 and CH 4 in fluids is methanogenesis (the reaction below is presented with an acetate substrate):
Similar results have been obtained for an active mud volcano in the northern Gulf of Mexico (Joye et al. 2009 ), where microbial activity in muddy brine produces methane from acetate. The CO 2 from the fluids thus appears as a very important component involved during diagenesis in anoxic sediments where two reactions are competing, i.e. carbonate dissolution and silicate weathering (reaction 1) leading to carbonate precipitation. Moreover, the combination of reactions 1 and 2 underlines that two types of authigenic carbonate phases may coexist in the same sediment, one carbonate phase originating from CH 4 anaerobic oxidation and another from CO 2 by silicate weathering.
Sources of elements
High contents of detrital elements within carbonate crusts of the Cheops MV indicate that these include various silicate minerals (quartz, feldspars, micas, clay minerals) from subsurface sediments, as confirmed by XRD analyses and SEM observations. The large differences between major and trace element concentrations are related to the mineralogy of authigenic carbonates, with high Sr and low Mn contents in the crusts dominated by aragonite, and low Sr and high Mn contents in the concretions dominated by dolomite and ankerite. To some extent, the higher Ba contents determined for the carbonate crusts relative to the small concretions could also reflect mineralogical differences, i.e. the presence of minor amounts of authigenic barite in the crusts. By contrast, the distribution of U and Mo is most likely controlled by redox conditions during carbonate precipitation. While the relatively high Mo and U contents in the authigenic crusts suggest that they formed under typical anoxic conditions, their lower abundance in the crater lake concretions could possibly point towards suboxic/oxic conditions. One interpretation would be that these concretions initially formed in the upper layers of the brine lake, at the interface between anoxic/suboxic lake waters and overlying oxic deep waters, before settling down onto the lake bottom. This hypothesis would also be supported by the corresponding REE distributions. The authigenic carbonate crusts had pronounced mid-REE enrichments, this being a typical feature of anoxic pore waters in cold seep settings . By contrast, the small concretions are characterized by flatter mid-to heavy REE patterns and slightly negative Ce anomalies [Ce/Ce*~0.91-0.96, with Ce/ Ce* = 3 CeN/(2 LaN+NdN)], which could indicate a seawater origin (Bayon et al. 2013; Feng et al. 2013) .
Alternatively, the slight enrichment of heavy REEs observed in the concretions recovered in bottom sediments of the brine lake could indicate that they precipitated from an alkaline-rich fluid source, possibly the CO 2 -rich fluid discussed above. Indeed, recent work has suggested that total alkalinity levels in pore waters could influence the distribution of REEs in cold seep carbonates (Rongemaille et al. 2011; Himmler et al. 2013) , with highly alkaline fluids favouring precipitation of authigenic carbonates characterized by heavy REE enrichments.
Fluid-carbonate interactions
The oxygen isotopic composition of a carbonate depends both on the temperature of precipitation and on the oxygen isotopic composition of the water; in addition, the fractionation of oxygen isotopes between water and carbonate differs for each carbonate mineral species. Based on this, an attempt is made below to reconstruct the diagenetic environmental conditions prevailing during carbonate precipitation. The following equations were used to calculate the isotopic equilibrium conditions for various carbonate minerals:
-calcite, Kim and O'Neil (1997) O values recorded in the carbonate fraction of the muddy brine, the concretions from bottom brine lake sediments and the concretions from sub-seafloor sediments near the rim of the brine lake, characterized by variable proportions of the three major mineral components, i.e. high Mg-calcite, dolomite and ankerite, are obviously related to precipitation of these carbonates in hot brines. The equilibrium δ
18
O values calculated for high Mg-calcite, dolomite and ankerite precipitated within brine at 42°C with a δ
O value of +1.6‰ would be -2.5‰, -0.3‰ and -0.5‰ respectively. These values fit very well with the minimum value (-2.8‰) measured in the concretions of sub-seafloor sediments from the rim of the brine lake, and with the values (-1.3 to -0.7‰) measured in the carbonate fraction of the muddy brine. It can be inferred that other carbonate concretions from bottom lake sediments and sub-seafloor sediments near the brine lake rim showing less depleted δ
O values were precipitated at temperatures between 14°C and 42°C.
Sources of carbon
The very low δ 13 C values of the carbonate crusts clearly indicate that these authigenic carbonates were derived from AOM. Similar conclusions have been drawn by Gontharet et al. (2007) for carbonate crusts from the Mykerinos, Chephren and Cheops MVs of the Menes caldera (cf. Huguen et al. 2009 ). The bulk carbonate from the crusts comprises a small amount (maximum~10%) of carbonate (coccoliths, foraminifers) from pelagic sediments trapped during cementation. A simple mass balance calculation between the pure MDAC component and the carbonate of the pelagic sediment serves to deduce the δ It is then possible to evaluate the carbon isotopic composition of the CH 4 source using an average isotopic fractionation during AOM (αCH 4 -CO 2 of 1.008; Alperin et al. 1988 ) and the isotopic fractionation during carbonate precipitation (the isotopic enrichment factor ε 13 C CO 2 -calcite is -12 at 14°C; Bottinga 1969) . This calculation gives a CH 4 δ 13 C value of -51.4‰, which falls in the upper range of microbial methane (-110 to -50‰ V-PDB; Whiticar 1999), although it may better correspond to a mixture of microbial and thermogenic methane (-50 to -20‰ V-PDB; Whiticar 1999). This interpretation is in good agreement with the results of Prinzhofer and Deville (2013) , in which the hydrocarbon gas composition and the δ 13 C value of CH 4 (-56.8‰) measured at the Cheops MV point to a major thermogenic hydrocarbon gas component. Migration of thermogenic methane is not surprising for the Nile deep-sea fan, a well-known gas province where reservoir rocks are known mostly for the Miocene and Pliocene, the hydrocarbon source rocks being inferred to be of Oligocene and Miocene, and possibly Jurassic and Cretaceous age (Vandré et al. 2007 ).
The carbonate δ
13
C values of concretions from the subseafloor and bottom lake sediments are distributed between two end-members, one with a very low δ 13 C value and another with a slightly negative δ 13 C value, spanning a range of 33‰; the carbonate δ 13 C values of the muddy brine fall within this range (Fig. 10) . As discussed above, the diagenetic carbonates of the concretions were precipitated with two types of bicarbonate ions, originating either from CO 2 or from CH 4 . These two gases are produced during methanogenesis with a huge carbon isotopic fractionation effect (average enrichment factor ε 13 C CH 4 -CO 2 of -80‰; Rosenfeld and Silverman 1959; Claypool and Kaplan 1974) , whereby CH 4 is enriched in the light carbon isotope and CO 2 is enriched in the heavy carbon isotope relative to the organic carbon source (δ 13 C of ca. -25 to -20‰ for marine organic matter). Although it is impossible to evaluate the relative proportions of the various carbonate minerals intimately mixed in the concretions and, thus, to separate them for individual analyses, a qualitative estimation of their respective carbon isotopic composition is possible. SEM observations show that Mg-calcite and ankerite were more abundant in the concretions of the sub-seafloor and bottom lake sediments respectively. It follows that Mg-calcite, which dominates in the concretions with the most negative δ 13 C values, originated from the anaerobic oxidation of 13 Cdepleted CH 4 , whereas ankerite, which dominates in the concretions with slightly negative δ 13 C values, originated mostly from 13 C-rich CO 2 .
Conclusions
The Cheops mud volcano represents an exceptional case of active seepage of hot hydrocarbon-rich muddy brines in the eastern Mediterranean Sea. The brines, which originate from below the Messinian salt deposits (>2 km below the seafloor), actively feed a deep lake (~450 m depth at least at one site) at the seafloor, as shown by evidence of fresh mudslides down the northern flank of the mud volcano and of active brine motion within pools. Consequently, the colonization of the seafloor by microbial mats and polychaetes as well as the development of authigenic carbonate crusts are limited to the periphery of the mud volcano on older mud breccia deposits.
The physicochemical characteristics of the fluids emitted at the Cheops MV leave a distinct imprint on the diagenetic evolution of this system compared to other cold seeps known on the Nile deep-sea fan (Gontharet et al. 2007; Mastalerz et al. 2009 ). The relatively high temperature (42°C) of the brine must significantly enhance the kinetics of all biogeochemical reactions, including microbial activity. Acetate-based methanogenesis is active within the muddy brine lake where dolomite and ankerite precipitate. The very high salinity of fluids decreases the solubility of gases and creates very strong density and chemical gradients that reduce the exchanges between pore fluids and bottom seawater. Moreover, the burrowing activity of polychaetes acts to irrigate sub-seafloor sediments with oxygenated and sulphate-rich bottom water, which in turn promotes both aerobic and anaerobic oxidation of methane and thus controls the emission of methane in the water column above the Cheops mud volcano.
These findings imply that the coupling of carbon and sulphur microbial reactions represents the major link for the transfer of elements (major, trace, REEs) and for the carbon isotope fractionation between fluids and authigenic minerals at the Cheops mud volcano. A new challenge awaiting future studies in cold seep environments is to investigate the oxygen and sulphur isotope signatures of oxidized and reduced sulphur authigenic minerals (gypsum, barite, pyrite), in order to explore sulphate reduction and sulphide oxidation processes.
